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Abstract-An important unfinished problem is the theory of transition from deflagration 
to detonation DDT. The understanding of this problem is critical for the safe handling 
of explosives. Some of the successes of deflagration and detonation theory are outlined. 
For detonation to occur in a cylindrical explosive, for example, one must remember 
that as a shock wave moves into cold explosive the shock loses energy and is dying 
out. Behind a developed wave front there is a succession of increasingly exothermic 
reaction surfaces rising to a maximum at the Chapman-Jouguet surface where rarefac- 
tion begins. A sufficiently sharp blow or an intense beam of laser light falling on un- 
reacted explosive generates this type of structure which travels through the material as 
a self supporting shock wave. How to avoid forming such structures which will grow 
into travelling self supporting waves has many aspects. Here we consider: 1. Starvation 
kinetics which arise from a change of reaction mechanism due to the sudden introduc- 
tion of unburned material into a hot environment. As the gradient from unburned to 
burned material rises a situation develops where the fastest way to get energy into the 
bond that breaks is not directly from translation to this bond but through a reservoir 
which readily communicates energy. This shifts the developing bottle neck of energizing 
the molecule (starvation kinetics) to a new pathway with interesting consequences; 2. 
Turbulence promotes initiation of detonation by sharpening the concentration and tem- 
perature gradients between unburned and burned materials; 3. The dependence of shock 
wave velocity, due to momentum loss out the side is related to the diameter of the 
explosive; and 4. The curvature of the wave front is related to drag of telescoping 
cylinders on the central axis of the cylindrical explosive. 
Observation and experiment are the basis of modelling a phenomenon of interest. Usually 
this inductive process leads to a model that at best is incomplete and at worst is wrong. 
With such a scientific model, preferably couched in mathematical terms the deductive 
process begins. Deductions from the model are now made to be checked against further 
observations. The agreement or disparities suggest what changes are required. 
Throughout recorded history shortcomings have most often appeared as difficulties 
with the model adopted. Aristotle’s theory of force being proportional to velocity was 
based on the response to friction. After 2000 years Aristotelian mechanics failed com- 
pletely when applied to the planets where motion is frictionless. Galileo’s and Newton’s 
mechanics in turn, after a little over 200 years, had to be extended to include relativity 
and wave mechanics. The flat earth was another incomplete model. Such examples of 
incompleteness could be extended ad infinitum. To exemplify these thoughts we will 
consider some results from the theory of explosions and detonations. 
One of the most fertile fields for model development is the theory of combustion and 
detonation. Not only is it necessary to deal with the study of reaction mechanisms and 
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kinetic laws for homogeneous systems, but it is also necessary to integrate this infor- 
mation into equations of motion describing a unified hydrodynamic and chemical flow 
process. 
A fragmentary introduction to the subject is provided by considering the terms com- 
monly used to describe some of its aspects: combustion, explosion, deflagration, deto- 
nation. A wide variety of exothermic reactions can be carried out under conditions which 
result in the appearance of the incandescent mixture of hot gases, ions, and radicals, 
characterizing a flame. In general any such reaction is also capable of undergoing an 
explosion as well. 
If a steady supply of combustible mixture is fed into the flame zone, as in a Bunsen 
burner, only heat will be generated with essentially no rise in pressure. On the other 
hand, if the slow and orderly process of Laminar burning is short circuited by some form 
of agitation, macroscopic chunks of material will find themselves at a roughly uniform 
temperature; the pressure will rise much the same way as in a closed vessel; and the 
reaction will now be propagated through the medium with great rapidity and explosive 
force. 
An explosion is distinguished from a deflagration or a detonation by the essentially 
stationary nature of the reaction zone for the former and the coupling of this zone to the 
shock wave ahead for the latter two. In the first case a shock wave is transmitted through 
the surrounding medium by a stationary reaction which produces heat faster than it can 
be conducted away; in the other two cases the reaction zone itself endeavors to follow 
the shock wave, reinforcing it and either delaying (deflagration) or indefinitely postponing 
its decay (detonation). 
Qualitatively the major difference between a deflagration and a detonation is the rigid 
coupling of the reaction zone to the shock wave ahead of it in the latter case. For given 
conditions the detonation velocity is a fundamental characteristic of the substance, just 
like the velocity of sound. A central problem in this field is a determination of the mech- 
anism which governs transitions between low and high velocity forms of combustion. 
Below will be outlined the general features of the theory, both traditional and current. 
The common denominator for all explosive behavior is the build up of pressure faster 
than it can be relieved by the process of heat conduction or diffusion. In a simple calor- 
imetric bomb experiment an exothermic reaction is carried to completion and the tem- 
perature measured as a function of time. Generally there is a point at which the rate of 
increase is greatest, which will lead to an actual explosion if the walls of the container 
are sufficiently weak or else to a theoretical explosion if the walls hold. 
The basic ingredients for a model describing a simple thermal explosion are: 
1. An exothermic reaction confined to a given space, which releases heat at a rate 
equal to pAH dXldt. 
2. A thermal conductivity which tends to dissipate this heat at a rate, K a’T/az’. 
3. A material whose temperature rise is governed by its specific heat through the 
relation, PC, a T/at. 
These terms are connected by the equation 
for a one-dimensional treatment. The reaction rate term may be taken to be 
2 = (1 - A)~,@‘RT 
in the usual manner. 
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By requiring that the temperature be To at the edges of the slab, *a, and reach a 
maximum at z = 0, a steady state condition may be found [II, provided that 
6= 
A HEa2pv, 
KRT,’ 
exp[-E/RT,] 5 a+ = 0.88. (1) 
For fixed values of AH = heat of reaction, uO, E, p, K this gives a relation between the 
width of the slab, 2a, and the surface temperature To. It follows that the higher the 
surface temperature, the smaller will be the thickness beyond which uncontrolled heating 
will take place. Similar considerations apply to cylindrical or spherical domains. 
It should be emphasized that these simple models do not explicitly predict the con- 
sequences of an unsuppressed temperature rise; these will depend on the particular sit- 
uation. If the material is confined in a strong container, only a sharp temperature and 
internal pressure rise will be observed, which tapers off when the reactants are depleted. 
If the material is frangible such as a crystal, the sudden increase in temperature may well 
be sufficient to shatter it in an explosive manner. For essentially free volume elements 
of gas the static thermochemical model is inseparable from a hydrodynamic treatment, 
which will greatly alter the conditions of the reaction. 
A second hydrostatic mechanism for generating a pressure rise is the isothermal chain 
reaction model. This may be illustrated by the example of HZ + OZ. The process is 
initiated by the dissociation of the diatomic molecules through collision with a third body: 
H, + M = 2H 
02 + M = 20 
If these were the only equilibria possible in addition 
to produce H20, the reaction would proceed rather 
diate chain propagation steps such as 
(2) 
to the direct combinations of atoms 
slowly. The occurrence of interme- 
H+O,=OH+O 
(31 
O+H,=OH+H 
greatly facilitate the transformation. These two body collisions take precedence over the 
three body collisions necessary for reverting to the original Hz and 0, components. 
The final product is obtained from such reactions as 
20H = Hz0 + 0 
(41 
H+OH+M=HzO+M. 
The effect of the intermediate steps is to keep a substantial fraction of the species in the 
monatomic state, thus increasing the number density of the system and therefore the 
pressure. In this example a maximum pressure increase of about 50% is possible, which 
coupled with a tenfold temperature increase could achieve a fifteenfold pressure jump. 
In practice the thermal and chain propagation mechanisms are not independent and 
invariably occur simultaneously. One is led to suspect that a major role of chain branching 
in explosions is the efficient maintenance of a ready supply of intermediate species which 
directly lead to stable products. The greatest success in this field has been attained 
through the formulation of a unified approach [2]. 
Even in as simple a system as HZ + 0, over forty reactions must be considered [3]. 
It is desirable to construct a model which qualitatively encompasses all the aspects of 
36 H. EYRING AND D. CALDWELL 
this array without treating each one in detail. The common point of departure has been 
the endothermic initiation, neutral propagation, and exothermic termination processes 
described above. 
In nonhydrostatic chemical reaction processes the mechanism and resulting rate laws 
are important for determining the characteristics of the flow. As the level of sophistication 
rises, it will be necessary to pay more careful attention to these details. 
One of the important results of quantum mechanics has been to fix attention on atoms 
and molecules as such rather than to treat matter as a continuum. In solving the wave 
equation for a property we look for eigenvalues. This emphasizes discreteness. In this 
spirit a diffusing molecule can be treated as moving by discrete jumps from one equilib- 
rium position to the next. The essence of a chemical reaction is likewise just such a shift 
from one equilibrium configuration to another whether the system is solid, liquid, or vapor, 
so that a successful theory should embrace all such processes in a single formalism. This 
leads us naturally to the concept of intermediate positions of no return, or almost no 
return, separating equilibrium positions. For measurable rates each individual event is 
without influence on another since they are sufficiently widely separated in time and 
space and so proceed independently. It follows that a reaction going in one direction is 
uninfluenced by whether or not the reverse reaction is taking place or not. An important 
consequence of this is that the rate of crossing a barrier of no return can be treated using 
equilibrium theory. If there is leakage through the barrier or there is a recrossing after 
first passage the correction to be made is not changed by the presence or absence of the 
reverse reaction. Thus if activated complexes going in the forward direction are in equi- 
librium with their points of origin we can use the equilibrium theory and write 
at 
- = K? = exp[-AGSIRT]. 
IIai 
Here each (li represents the activities of a particular reactant; ~7 is the activity for the 
activated complex; Kt and Gt are the equilibrium constant and the Gibbs free energy 
of activation when the system is in the standard state. Then ui = yici where ci is the 
concentration, yi is the activity coefficient; ai is equal to unity for the system in the 
standard state. It is convenient to combine the partition functions for the reaction coor- 
dinate with the velocity of reaction so that we have for the reaction rate, Y, the expression 
Y = K liT/h exp [- AGl/RT]. For most reactions, K, the transmission coefficient, is very 
nearly unity since it corrects for barrier leakage and recrossing of the barrier. In any case 
the method of calculating K is well understood in principle and can be estimated as the 
need arises using quantum mechanics. Not infrequently equilibrium is approached by a 
network of successive and parallel steps. In such a network the reciprocal of the rate for 
a step functions like resistances in an electrical network and can be so treated. 
If a reaction pathway involves a sequence of steps the rate will be correspondingly 
slowed down. It has been found convenient to describe such a situation as starvation 
kinetics. The reactions in detonations go much more slowly than would be expected by 
extrapolating the rate of decomposition at low temperatures to the temperatures in det- 
onations. This has been observed in both gases and solids. The slow step is apparently 
heat flow into the vibrational degrees of freedom of the large molecules followed by rapid 
break up of the molecule after the minimum energy required to break a bond has been 
absorbed. This model leads to the following analysis. The rate k’ for two successive rate 
determining steps is 
k’= l =--- k,kz 
k,-' + $-I h+k2’ 
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For the low temperature rate k, we use 
(7) 
From the Gibbs free energy, as determined by experiment, one may determine the dis- 
sociation energy D for a given bond. Then for k, at higher temperatures we write 
Here 
(9) 
is the chance that a molecule will have the dissociation energy of a bond in the reservoir 
of S vibrational degrees of freedom which are in communication with the bond to be 
broken. The chance that a bond in equilibrium with these S degrees of freedom will have 
the energy is e -m . Here y is the average energy in a degree of freedom of the reservoir. 
This average value is y = D/S so that one obtains e-D’Y = e-“. The rate of breaking a 
bond with the required energy is measured by the frequency kTlh, thus providing the 
basis for kZ. Experiments indicate that typically the reservoir has 20 effective degrees of 
freedom. With these values of k, and k, in Equation (5) good agreement is obtained with 
experimental rates for shock waves in gases. Interestingly this indicates why the use of 
the Arrhenius equation to fit the data requires surprisingly low values for the activation 
energy. 
In this supported shock wave of a detonation, in a steady state, all communication of 
energy, mass or momentum from one part of the reaction zone to another which affects 
the velocity of the shock is necessarily by phonon waves since ordinary diffusion and 
conduction are too slow. We will be concerned next with how the shock wave velocity 
of a cylindrical explosive in the steady state falls off with the diameter of the explosive. 
If the reaction zone has a length a then ad is an area of escape for a detonating explosive 
in addition to the area nd2/4 at the back of the reaction zone. If one were to shut off the 
escape area, the pressure of a gas would be doubled by the reflected molecules. Thus the 
impulse loss across an area (nd*/4) by having it open is .rrd2/4 po, where p0 is the pressure 
retained when the area is open. 
The additional impulse lost due to the reaction zone area is (p,arda). Here (Y allows 
for the pressure not being always p0 over the entire reaction zone surface. If p is the 
actual pressure then we expect 
PO P =- 
nd2 d2 
4 + avda 7~7 
or 
P 1 -= -----z - 
p* 
1+? 
1_$-exp_T. 
(10) 
(11) 
38 H. EYRING AND D. CALDWELL 
Since the pressure p is closely proportional to D2, the velocity of detonation squared, 
we write 
D 2aa ( ) _- o,== exp d 
There are additional reasons for preferring the exponential form. In analogy to Beer’s 
law for photon absorption we might expect phonon waves to be similarly absorbed ex- 
ponentially by the structures phonons encounter. 
The combination of any chemical kinetic model with the hydrodynamic equations of 
motion for a compressible fluid will provide in principle a predictive scheme which can 
be qualitatively and quantitatively compared with experiment. For example, in the pure 
thermochemical model the reaction will only be affected by temperature, while the free 
radical chain mechanism will introduce a pressure dependence as well. The known be- 
havior of explosive mixtures strongly indicates both a temperature and pressure depen- 
dence, which is well to reflect in the choice of models. 
The hydrodynamic equations are obtained by considering the conservation of mass, 
momentum, and energy expressed as an enthalpy relation: 
dU aP 
Pdt=-z 
where U is the macroscopic velocity of the fluid 
equations the total derivative will be written as 
(b) (12) 
dP 
Z’ 
(c) 
as a function of L and t. In these 
In its simplest form the effect of different species can be included by making the heat 
generation term a function of both T and P. For a fuller treatment additional conservation 
equations must be introduced to describe the various reactants and products. The use of 
a first order rate expression alone implies that the reaction is of the A + B variety, which 
will greatly restrict the qualitative behavior of the model. 
In one of the earliest attempts to make a quantitative assessment of detonation Hub- 
bard and Johnson [41 treated a one-dimensional system with Arrhenius kinetics and an 
Abel equation of state P( I/ - 6) = (y - l)E, where y = CplCv and E is the internal 
energy. By choosing an initial pressure pulse of sufficient duration, a secondary pulse 
would form after a delay of about 1 psec, which was interpreted as the onset of a deto- 
nation. A slightly smaller impulse led to a continuous decay of the initial shock as would 
be observed in an inert medium. 
For reasons discussed below it is not immediately evident that this model will, for long 
time intervals, lead to a stable self propagating wave moving in tandem behind a shock 
front. It does however, give some insights into the pressure induced initiation of defla- 
gration-detonation phenomena. 
The next refinement to the model is the addition of transport properties. In its most 
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general form the effects of viscosity, diffusion, and conductivity must be included. For 
a one-dimensional single component model only the conductivity need be considered. 
This amounts to writing the enthalpy equation as 
(13) 
One of the most significant applications of this equation is in the theory of flames. By 
seeking a steady state solution with all time derivatives equal to zero one can transform 
the above equations into 
2 dT P AHk 
KS - PouoC,~ f L=o 
RTA ’ 
(14) 
where p0 = density of unburned material 
U, = flow velocity of fuel supply 
P, = ambient pressure 
k = temperature dependent rate constant. 
With the aid of the mass and momentum conservation equations the rate expression 
becomes 
. 
dh kT, -_=_--_x 
dz TU, ’ 
which may be solved simultaneously with Eq. (14). 
A simple and revealing result is obtained by assuming an ignition temperature T* 
below which no reaction takes place and letting the rate constant obey a linear law, 
k/T = k/T , (13 
where T is an average temperature during the reaction. One finds that a balance between 
the heat generated in a given iayer and its conduction to the next will be obtained for a 
flow velocity given by 
- dTo(T, - T*) 
LJ, = u, - 
T(T* - To) ’ 
(16) 
where c, = v’= and T, is the final temperature after reaction. 
It is interesting to note that the flame velocity is proportional to the geometric mean 
of the conductivity and the reaction rate constant, but independent of the heat of reaction 
AH. For typical values of the physical parameters flame velocities are on the order of a 
few centimeters per second. Yet it is well documented that flames tend to be unstable 
and under suitable conditions proceed into detonations. An exact formulation of this 
process is one of the most perplexing challenges to the field of chemical physics modelling. 
At the other end of the spectrum a steady state model for the detonation wave bearing 
the name Chapman-Jouguet [5,6] indicates that a chemical reaction can be propagated at 
the much higher velocity 
D = d(AH + C,,T,) 2(y2 - l), (17) 
where y = C,/C,. 
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Here the three conservation equations along with an equation of state have been used 
to obtain the five quantities, T, P, p, U, D. A crucial fifth relation entails the assumption 
that at the end of the reaction zone the relative velocity of sound equals the detonation 
velocity: 
V+C=D, (18) 
where C is the local velocity of sound in the medium moving with velocity U. The 
resulting values for D are in the range of 1 km/set. 
The Chapman-Jouguet heory leaves unresolved as many questions as it answers. The 
details of how the heat energy generated in the reaction zone is converted into the me- 
chanical energy of the shock wave ahead of it are left open. The model tacitly assumes 
that a shock wave is being generated even in the absence of any significant chemical 
reaction. None the less, the accuracy of Eq. (17) does indicate that certain features of 
this phenomenological approach are well founded. 
The missing link between flame and detonation propagation is evidently provided by 
a mechanism which short circuits the slow process described in Eq. (13), allowing highly 
efficient mixing to occur in step with the rapidly moving supersonic disturbance ahead of 
it. Accordingly one will be well advised to study the phenomenon of turbulence. Even 
though average flow velocities in flames are relatively low, their inherent nature renders 
them highly susceptible to the creation of turbulence. 
In the explosive material large scale turbulence will be manifested in the form of 
clusters undergoing a vortex motion. As a result the delicate balance between the gen- 
eration of heat and its conduction from layer to layer is destroyed. Instead one is faced 
with a distribution of macroscopic units each of a temperature appropriate to its position 
in space. These will now explode individually and collectively transmit their energy as 
a coherent wave behind the lead shock disturbance. The details of how this functions 
await the formulation of an appropriate model. 
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